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2- h&roaucg&na 

The study of complex nickel-base superalloys has been refer- 

red to as "enlightened empiricism" (1). In the followin9 work. I 

hope to add to our enlightened understanding of these materials 

and also draw conclusions about some of the fundanental processes 

occurring during solidification. 

This study specifically deals w i t h  the microstructural evo- 

lution of three nickel-base superalloys of roughly the same base 

composition, but with differing boron levels. The materials were 

produced by rapid solidificatioon processing (RSP) and specifi- 

cally by'melt-spinning. One of the primary advantages of utiliz- 

ing melt-spinning is the ease in which experimental alioys can be 

produced. Conventional processing techniques would involve cast- 

ing some sort of large ingot, then working the ingot to refine 

the macrostructure. Subsequently, several sections would have to 

be made and mechanically thinned to a size suitable for prepara- 

tion for transmission electron micrscopy. On the contrary, thin 

specimens suitable for final TEN preparation can be very quickly 

produced by melt-spinning. 

With these experimental conveniences aside, there are 

several fundamental features of rapid solidification which cannot 

be overlooked. Due to the exceedingly high cooling rate of rspid 

solidification, on the order of 103 - 10 8 KS -1 , significant 

structural refinement can be achieved. Cooling rates this high 

can be accomplished using processes such as melt-spinning, inert- 

gas-atomization, splat-quenching, or laser surface modification. 

The structural refinement is usually manifested as a very fine 

grain structure in which compositional fluctuations are limited 
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to the dimensions of the parent dendrite arm spacing. Further, a V 

refined precipitate dispersion often results due to the composi- 

tional homogeneity. Large solute supersaturations are frequently 

speak well for physical metallurgy as a hard science. A t  best, 

our understanding of the chemistry of these materials is based on 

insightful empiricisms rather than basic predictive models. Our 

knowledge of optimal processing conditions is based largely on 

trial and error. Perhaps our best understanding of these 

materials 15 in their mechanics which depend on chemistry in only 

an indirect manner. This should not cast a dark shadow, however, 

for it has precisely been through empirical developments tnat 

impressive advances in the service properties of these materials 

have been achieved. 

The alloying scheme is to produce a structure which is 

mechanically strong, with high creep and fatigue resistance, good 

fracture toughness, and excellent hot corrosion resistance. To 

fit this demanding bill, a nickel matrix acts as a foundation 

upon which the alloy is built. Elements such as titanium and 
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obtained due to the short times the solid material resides at 

high temperature. Less frequently, new metastable phases are 

observed (2). Each of the individual effects described can 

provide desirable physical and chemical properties. Furthermore, 

the synergistic combinatlon of these effects can lead to a highly 

desirable structure. 

I 

1.1 Fundamentals of Nickel-base Superalloys 

Nickel-Sase superalloys have often been considered a crown- 

jewel of physical metallurgy. This, unfortunately, does not 



aluminum are added to form an ordered coherent precipitate known 

as y'. In nickel-base alloys y '  has a composition of Ni ( A l ,  

Ti) which is isomorphous with the Cu Au1(L12) structure. 

Further alloying by elements such as chromium and molybdenum 
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provide solid solution strengthening in the austenite. The alu- 

minum and chromiun provide essential corrosion resistance by 

doubling as coherent oxide formers. Interstitial elements may be 

added to form grain boundary phases which retard grain growth 

and, to a lesser extent, provide resistance to boundary sliding. 

In the alloys used for this study, boron was added to modify 

boundary structure. 

Grain size and boundary structure are principle features in 

any microstructure. From the Hall-Petch relation it is known 

that yield strength is inversely proportional to the square root 

of grain size. Incoherent precipitates provide local minima in 

interfacial area when straddled by a grain boundary. Hence, 

incoherent precipitates act as effective barriers to curvature 

driven boundary migration. The coherent y '  Precipitates are much 

less effective boundary pinnners than incoherent precipitates 

because when a high energy, high-angle boundary straddles a 

coherent precipitate there can be no reduction in effective high- 

angle boundary area. The superalloys, principally used in high 

temperature applications. often must be alloyed to form incoher- 

ent grain boundary precipitates. 

Mechanical properties and the effects of boundary structure 

must also be considered. Sufficiently stressed materials at high 

temperatures will flow viscously, or as is more commonly known, 
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they will creep. In polycrystalline materials, the reduction in 

potential energy can be achieved either by mechanical deformation 

(usually dislocation motion) or by diffusive processes. In 

either case boundary accomodation must occur and is usually 

manifested as grain boundary sliding. Boundary sliding is a 

diffusive process and the presence of discrete boundary precipi- 

tates will.weakly retard the process ( 3 ) .  Fatigue damage is a 

second consideration. Cyclic loading often leads to void forma- 

tion at grain boundary precipitates. Void coalescence and loca- 

lized overload can lead to catastrophic failure. So w e  see that 

grain boundary precipitates provide the beneficial effects of 

controlling grain size and reducing sliding, but unfortunately 

promote boundary damage such as creep and fatigue cavitation and 

cracking. 

1.2 Definition of Research 

In t h i s  work. the microstructure of a melt-spun nickel-base 

superalloy was studied exclusively by electron microscopy. The 

structure of the material will be considered as a function of 

both boron level and location through the ribbon thickness. 

Particular attention will be paid to grain shapes and boundary 

morphology as these topics have not been properly elucidated by 

others. In this regard, the microstructure of melt-spun ribbons, 

for at least one class of alloys, will be more thoroughly under- 

stood. 

The alloys are of approximate composition Ni-llxCr-4XMo- 

.ii with boron levels varying from 0.12% to 0.60% (all 5xAi-&&r- 

compositions by weight). The alloy chemistry is simpler than 
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m s t  comnerciaiiy avaiiable superalloys, but it nevertheless 

mimics the structural features of commercial alloys. In this 

regard, the material is more easily understood than a complex 

system with eight or nine alloying elements. Boron has been 

selected as the grain boundary phase former because i t s  phases in 

this material tend to be chromium and molybdenum rich, but 

depleted in aluminum and titanium. This leaves titanium and 

aiuminum free to form Y' precipitates and reduces the possibility 

of Y '  depleted zones adjacent to boundary precipitates. In addi- 

tion, borides do not seem to undergo decomposition reactions that 

carbides often experience. Finally, melt-spun material was 

chosen because of the potential for structural refinement by 

rapid solidification and for the inherent simplicity in 

production. 
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22 Lit_ezgture surver 
This chapter provides a brief overview of relevant litera- 

ture pertaining to rapid solidification in general, specific work 

on rapid solidification of nickel-base superalloys, and che role 

1960’s a great deal of research was performed to explore the 

variety of structures attainable by quenching liquid metal at 

rates as high as lo9 K s - l .  

structural modifications could be obtained for the crystalline 

state. Such modifications included significant refinement of 

grain size, large supersaturations of solute, fine dispersions of 

second phase particles, and new metastable phases. Each of these 

features is of either great technological or scientific 

importance. For an in-depth review of the first decade of rapid 

solidification, the reader is referred to the review article by 

Anantharaman and Suryanarayana (4). 

It was observed that significant 

During the 1970’s and early 1980’s structural explorations 

continued. In addition, numerous research efforts were under- 

taken to understand the underlying processes of rapid solidifica- 

tion. In an extensive review article, Jones ( 5 )  considers the 

effects of experimental variables on resulting structures and 
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of boron in complex heat-resistant alloys. In no way is this 

chapter intended to be an exhaustive survey of any of the above 

fields. Rather, the intention is to show that the current study 

will both complement and contribute to the body of knowledse of 

rapid solidification 05 heat-resistant alioys, ana more broadly, 

solidification of crystalline materials. I 
For nearly twenty-five years now there has been a large 

research effort in the area of rapid solidification. During the 



properties. Jones’ review deals primarily with research pub- 

lished in the early 1970’s--reflecting the efforts during this 

period for a more basic understanding of process variables on 

final structure. Cohen ana Mehrabian (6) discuss basic aspects 

of the relationships between supercooling, heat transfer, and 

microstructure in a detailed review. The models developed seem 

most successfully applied to small powder particles. In a less 

extensive article, Cohen, Kear, and Mehrabian (7) provide a broad 

overview of the fundamental concepts and technological processes 

of rapid solidification. Discussions of commercial and experi- 

mental methods for producing rapidly solidified materials, as- 

cast microstructures, cooling rate ana thermal gradients effects 

are included. This article represents an excellent starting 

point for a newcomer to the field. Our focus wili now shift to 

alloy-system-specific research. 

During the past several years many research groups have 

realized the potential for structural refinement of commercial 

alloys by rapid solidification processing (RSP). Because of 

obvious technological implications, numerous microstructurai 

studies have been performed on materials produced by powder 

processes. Fewer studies have been performed on melt-spinning or’ 

commercial alloys because of the inherent difficulties with r i b -  

bon conslidation. Here, attention is focused on melt-spun super- 

alloy ribbons. 

One of the first such studies was performed by Wood et ai 
* 

( 8 ) .  Both ’macrostructural’ and microstructural features of 
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similar to casting dimensions are considered. 
By macrostructural, it is meant that features on a size scale 

--_-----___--^--------------------------------------------------- 

melt-spun Nimonic 8 0 A  were studied. The macrostructure was found 

to have three distinct regions; homogeneous grains near the wheel 

side, a cellular structure in the ribbon center. and a branched 

dendritic structure near the free surface. Near the wheel side, 

polygonization of the internal dislocation structure was observed 

along with precipitation of titanium carbide at cell boundaries. 

Further, it was shown was shown that for grains near the wheel 

side, the angular mismatch between adjacent grains was often 

'small.' T h e  authors suggested the low-angle boundary structure 

was due to a heat flow effect during solidification. Bright 

fieid/dark field microscopy was not employed to further investi- 

gate this effect--if it had been employed, true grain shapes 

would nave been elucidated. The remainder of the study was 

concerned with precipitation of matrix phases. 

A more comprehensive study was provided by Davies et a1 (9). 

Both macrostructural and microstructural features of four ccmner- 

cia1 melt-spun superalloys were studied. Two distinct zones ware 

observed in the macrostructure; a fine chill zone near the wheel 

side ana a columnar dendritic zone in the ribbon center and near 

the free surface. The columnar dendritic grains were inclinea 

aDout 20" to t h e  ribbon normal. Unfortunateiy. Davies et a1 

mistakingly reversed the orientation of the inclination by assum- 

ing it was opposite to the casting direction which is contrary to 

flow considerations and results of other investigators (10, 11, 

12, 13). Near the wheel side of all of the alloys studied, car- 

bides with a parallel orientation relationship lined both cell 
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walls and grain boundaries. The structure became either dendri- 

tic or columnar in the center and at the free surface of the 

ribbon, again boundary precipitates were observed. However, no 

bright field/dark field microscopy was performed to determine the 

true extent of any grains cr the boundary morphology. 

Structure is innerently a function of processing history. 

In this manner, Duflos and Stohr (14) directly compared micro- 

structures of gas-atomized and melt-spun cobalt- and nickel-base 

superalloys. Although their study primarily dealt with cooling 

rate considerations, included are figures depicting macro- 

features and several micrographs of structure as a function of 

location in the ribbons. For our purposes. this study is impor- 

tant for two reasons. First, the study clearly shows the differ- 

ences in microstructure of melt-spun ribbons and gas-atomized 

powders. The critical lesson to be learned is that for alloy 

development purposes, experimental processing conditions should 

closely mimmic final large-scale processing conditions lest on be 

working with a material of coincidental composition but entirely 

different structure. Second, examples of microstructures as a 

function of location through the ribbon thickness are given. 

Again, three characteristic regions were observed for both types 

of alloy systems; a featureless chill zone near the wheel s i d e ,  a 

columnar dendritic structure in the ribbon center, and randomly 

oriented dendrites near the free surface. In the systems studied 

( H S - 6  -- a cobalt-based alloy, and C - 1 4 6  - -  a nickel-based 

alloy), carbide precipitates decorated grain boundaries. Again 

no effort was made to rigotlessly define 5rain shapes and Soun- 

dary morphologies. 
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Solid state nucleation of second phase particles and struc- 

tural development were considered in an experimental nickel-base 

superalloy by Huang and Ritter (15). The alloy studied is simi- 

lar to Rene 120 but witn a much lower carbon l e v e l .  ‘Macroscopi- 

cally,’ the same three distinct zones were observed as discussed 

previously. The microstructure also showed similar character- 

istics to those discussed previously. Huang and Ritter made the 

implicit assumption that the grains at the wheel side were mono- 

cellular and proceeded to calculate a nucleation density from the 

measured cell size. The assumption of monocellular grains is 

justified only if several sets of bright fieldldark field pairs 

are recorded--none were presented in Huang and Ritter’s work. 

Boron 

Since the late 1950’s, boron has been known to improve the 

creep, rupture ana intergranular fracture properties of nickel- 

base alloys. Direct evidence for boron segregation to grain 

boundaries in coarse-grain nickel-base superalloys has been 

obtained by autoradiography and secondary ion mass spectrcmetry 

(16, 17, 18). The laterai resolution of these techniques is on 

the order of several microns which effectively prohibits their 

use for RSP materials. 

Boron is known to suppress boundary nucleated phase trans- 

formations in iron-based alloys (19). It is suspected that boron 

locally reduces austenite free energy, hence reducing the driving 

force for a phase transformation. Ruhl and Cohen (20) determined 

that increasing levels of boron in iron-nickel-boron splats 

dramaticaily increased the volume fraction of retained austenite. 
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This again suggested that boron stabilizes austenite grain boun- 

daries with respect to transformation. One can clearly see that 

parallel effects are possibie in nickei, particularly since aus- 

tenitic iron and nickel form a continuous solid solution at high 

temperatures. Boron is an unusual element, with many grain 

boundary segregants the total internal energy of the systen is 

raised. With boron, however, it appears that the total energy of 

many systems is decreased by its presence. 

During the 1950's and 1960's superalioy deveiopment was at 

an apex. Boron and zirconium were discovered to improve the 

creep properties of nickei-oase superalloys. In their classic 

paper,.Decker and Freeman (21) described results of a microstruc- 

tural investigation on crept boron-modified nickel-base superal- 

loys. It was determined that boron retarded microstructural 

degradation of grain boundaries (cavitation and cracking). 

Decker and Freeman stated that the mechanism of improved creep 

properties was due to the "stabilizing effects of traces of boron 

and zirconium on the alloys." Although this may be mechanistic 

in the classical sense,  i t  s t i l l  leaves one searching for a 

satisfactory microscopic or 'atomistic' explanation for boron's 

effects. 

Fundamental approaches to metallurgical phenomena are diffi- 

cult because of the inherent complexity of such problems. One 

'first principles' technique has been successfully applied to 

many such problems though, that is, self consistent field (SCF) 

molecular orbital calculations (22). Messmer and Briant (23) 

applied SCF techniques to determine energy eigenvalues and charge 
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density distributions for tetrahedral clusters of iron and nickel 

with either a sulfur, phosphorus, carbon, or boron ntom residing 

in the tetrahedron center. It was determined that sulfur formed 

homopoiar bonds with the metal host, hence reducing charge den- 

siry for adjacent metal-metal bonds. Sulfur therefore weakens 

the metal matrix. On the other hand, boron iormed heteropolar 

bonds with the surrounding metal host and actually acts as a 

cohesive enhancer. These resuits are consistent with observed 

macroscopic results. 

When boron is alloyed in higher levels than implied in the 

previous discussion, boride precipitation must be considered. 

For a long review on borides of transition elements, the reader 

is referred to the work of Kiessling (24) or that of Nowotny 

( 2 5 ) .  In the late 1960’s Boesch and Canada (26) analyzed elec-  

trolytic extractions of all the phases present in Udimet 700. 

The boride phase was determined to be of the type M 3 3 .  This 

boride type is the one most frequently encountered in nickel-base 

superalloy systems. 

During the 1950’s boron was added to many alloys. In 1958 

Beattie (27) performed the original Crystallographic work on the 

M3B2 phase. Electrolytically extracted precipitztes from HS-88 

and IN-901 were studied. The only boron-bearing phase was M 9 3 2  

A crystallographic analysis revealed that the borides were terra- 

gonal with an a-axis 01 5.7 A and a c-axis of 3.1 A .  The preci- 

pitates belong to the space group P4/mbm. Additionally, the M 3 B 2  

phase turns out to be isomorphous with U 3 S % .  

later, crystallographic factors play strongly in solidification 

scenarios. 

A s  we will see 

12 



Finally, this section is closed with a discussion of the work 

of Huang, Hall, and Glasgow on identical alloy systems and pro- 

cessing conditions used for the current study (see the following 

section for deraiis on composition ana processsing). A s  a brief 

summary, the following results were obtained: 

- Bend ductility of the ribbons decreased with 
increasing boron levels. 

- Alloy 7 i  had a center cell size of 0.5 microns. 

- Electron diffraction studies on annealed borides 
yielded the following orientation relationships: 

- As-cast electrolytically extracted borides of alloy 72 
had lattice parameters a = 5.67 A ,  c = 3.05 A .  Energy 
dispersive x-ray analysis on the extracted borides 
yielded the following: 

strong peak: No, Cr 
moderate peak: Ni 
weak peak: Ti 

This suggested a (Cr,Ni)2 <Mo,Ti)B;! boride. 

Many inroads to understanding these alloys were made by 

Huang, Hall, and Glasgow in their study. For the purpose of t h e  

current Investigation, knowing the boride cnemistry and orienza- 

tion relationship with the matrix will prove extremely useful. 

Their study on the as-cast system is nevertheless far from com- 

plete. The microstructures in the three characteristic regions 

have not been documented. Grain shapes and boundary morphologies 

have not been examined. So it can be easily seen that there is 

room and necessity for further examination of these alloys. 
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3- ExEerimggtGl Prncedurs 

Ribbon 

Melt-spun ribbon was graciously supplied by the NASA Lewis 

Research Center. A l l  samples for this study were prepared at the 

General Electric Research Laboratory. 

Ribbons with approximate thickness of 30 pm and 5 m m  width 

were produced in vacuum by the planar flow melt-spinning process. 

The alloy compositions are given as follows (ail in weight per- 

cent > : 

---- Alloy 2 E!& Cr Mo A1 IL B 
70 77.34 10.50 3.05 5.16 3.94 0.012 

71 76.49 10.60 3.73 5.10 3.96 0.12 

72 72.69 11.07 6.75 4.82 4.07 0.60 

3.1 TEM Specimen Preparation 

Electron transparent specimens were prepared for samples 

near the wheel side (WS), in the ribbon center (C), and near the 

free surface (FS) . 
3 m m  discs for TEll were produced either by punchins or 

ultrasonically cutting with a silicon csibide siurry. Generally, 

no mechanical thinning was necessary. A 20:: perchloric acid--80x 

methanol solution w a s  used for final thinning. Tne electrolyte 

was immersed in a dry ice--methanol solution. Solution tem?ers- 

tures, measured in the electrolyte, ranged from -65” C to -705 C. 

A l l  thinning was performed on a Fiscione jet thinninq apparatus. 

The operating potential ranged from 10 to 20 volts. 

Specimens from the ribbon center were prepared by dual sided 

thinning to perforation. This procedure produced sufficient thin 
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area for microscopy. 

Specimens from the ribbon free surface and wheel side were 

prepared by thinning for 1 minute on both sides (to remove hana- 

ling damage), then removing the specimen from the solution and 

placing a tnin piece of polyethylene over one surface of the 

sample. This was followed by resumed jet thinning with two jets, 

but with only one exposed surface being thinned. Generaliy, 

after this step there was insufficient thin area for electron 

transparency. Hence, these specimens were ion-milled for 4-12 

hours with Ar ions accelerated across a potential difference of 
+ 

6 KV. Ion incidence angle o n  the specimen was aluays IO". Gun 

currents ranged between 0.5 to 1.0 mA. 

3.2 Transmission Electron Microscopy 

A small fraction of the microscopy for this study was per- 

formed using a Philips EM-300 transmission electron microscope 

operating at 100 KV. The majority of the work was performed on a 

J E O L  100CX TEX o?erating at 100 KV using a eucentric aouble tilt 

h o l d e r .  

3.3 Scanning Transmission Electron Microscopy 

A l l  analytical work for this study was performed on a Vacuum 

Generators HB-5 STEM operating at 100 KV. Chemical analysis was 

performed using an energy dispersive x-ray analyzer (EDXA> coup- 

led with commercially available analytic software. Chemical 

analysis for light elements was performed by eleczron energy l o s s  

spectroscopy (EELS). 
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-- 1. Results ------- 
Results of all experimental studies will be presented in 

this section. Any substantive discussions of the results will be 

delayed until the following section. 

4.1 ‘Macroscopic’ Structural Characteristics 

For the context of this study only, ‘macroscopic’ features 

are to be considered those features that are on the size scale of 

the thickness of the casting. For these 30 v m  thick ribbons, 

scanning electron microscopy (SEN> turns out to be the ideal 

tool. ‘Macroscopic’ structure is presented primarily to provide 

a context L n  w h ~ c h  th2 transmission electron microscopy can be 

presented. A l l  SEX work and associated sample preparat2on was 

performed by H. Segal (29). 

To begin, the longitcdinal structure of alloy 70 is shown 

in fig. 1. In this micrograph the wheel side of the ribbon is at 

the bottom of the page, the free surface at the top. Casting 

direction is from left to right. Three characteristic sccructural 

regions are observed. Near the wheel side an essentially fea- 

tureless 5 urn thick region is seen. Moving up through the ribbon 

thickness, the ieatureless rec;ion is seen to develop into a 

distinct columnar structure in the ribbon center. The columnar 

structure Seqins to break down inco a dendritic structure in the 

top 5 p m  of the ribbon. Secondary dendrite arms are observea 

near the i r e e  surface. It should also be notec; that there is 

approximately a loo to 20‘ tilt of the columnar structure into 

the casting direction. A mental note should be made that alloy 

70, the low boron alloy, represents a reference point or control 
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for this study. 

The effects of increasing boron level can be seen in the 

longitudinal section of a l l o y  71, which is shown in fig. 1. Here 

again three characteristic structural regions are observed. 

However, the featureless reaion near the wheei-side is much 

smaller than in alloy 70, in this case only about 2 pm. The 

coiumnar structure extends from the featureless wheel side region 

to within about 10 u m  of the free surface. Near the free surface 

a developed dendritic structure is observed and secondary den- 

drites are easily seen. Again, tilting of the columnar dendritic 

grains into the casting direction is prevalent. 

The effects of further boron additions are seen in the 

longitudinal structure of alloy 72, shown in fig. 3. The sample 

configuration is the same as that shown in fig. 1. In this case 

only two Characteristic regions are observed. The 10 pm of 

material near the wheel side displays features of a broken-up 

columnar dendritic structure. The structure begins to become 

more columnar-like near the ribbon center, but this is convoluted 

by the presence of secondary dendrite arms locally. The upper 

half of the specimen is fully dendritic. There is also a notice- 

able tilt of the columnar dendritic structure into the casting 

direction. In comparison with the structures of alloys 70 and 

71, a substantial degree 05 refinement is o b s e r v e d .  

4.2 Microstructure -- Transmission Electron Microscopy 
In this section, several sets of bright fieldldark field 

(BF/DF) p a i r s  will be considered. For each alloy, BF/DF pairs 

for specimens prepared near t h e  wheel side (WS),  center ( C ) ,  and 
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free surface (FS) will be discussed. In addition. several micro- 

graphs of general structure will be considered. Overall grain 

shapes and subgrain structure will be elucidated in this manner. 

Two aisclaiaers must be made prior to presenting more 

results. The first is that little distinction will be made 

between subgrains and cells. The former is associated with 

structures resulting from dislocation rearrangements and the 

latter with structures resulting from inscabilities at the 

liquid-solid interface. Differentiation between the two struc- 

tures is difficult, in this case, due to the fast kinetics of 

solidification. Secondly, gamma prime precipitates turn out to 

be of liztle significance for this study and hence will not be 

considered in any detail. 

For a l l  of the bright fieldldark field pairs presenzed, a 

two-beam condition was established in reciprocal space for the 

grain of interest. This grain will be referred to as either the 

reflecting or diffracting grain. 

To s t a r t  o f f ,  the structure of alloy 70 is considered. The 

general structure of the alloy near the wheel side is shown in 

fig. 4. T h e  approximate mean-intercept grain size is 1.5 pm (no 

rigorous grain size determination has been carried oue for rea- 

sons discussed lator). The boundaries are slightly wavy, but no 

regions 05 large curvature are observed. The grains all appear 

to have convex shapes. Within several of the grains a sort of 

* A  convex polygon is one in which a line connecting any two 
interior points never passes through an exterior region of the 
polygon. A concave polygon is a polygon in which it is possible 
tr! have a line which connecting interior points pass through a 
region exterior to the polygon. 

* 
----_----------_----____________________------------------------- 



cellular pattern is observed. And finally it must be noted that 
e 

no boride precipitation is observed. A E)F/DF pair from the wneel 

side of alloy 70 is shown in fig. 5. In this instance there is 

some curvature to the boundaries and two subgrains are observed 

to constitute the reilecting grain. The smallest radius 05 

curvature, roughly 0.5 pm, is mild and occurs at an absolute 

trigle point. Finally, careful examination of figures 4 and 5 
f-----'------------------"----------------------------------------- 

An absolute grain boundary triple point is the contact point 05 
three grain boundaries regraaiess whether the boundaries are 
high- or low-angle. 

snow the large volume fraction of Y'precipitate in the 

* 

.................................................................. 

structure. 

Moving up to the center of alloy 70, the general structure 

is nearly identical to the general structure near the wheel side. 

'In the SF/DF pair shown in fig. 6, it can be seen that the 

reflecting grain has no subgrain formation. Further, the boun- 

daries are very straight, and the polygon formed by the grain 

boundaries is convex. A s  for  all cases presented within, it must 

be emphasized these are only representative structures ana in all 

cases there will be a distribution for the amount of subgrain 

formation. 

The overall structural appearance at the free surface of 

alloy 70 i s  the same as that near the wheel aide. There are 

great differences. however, in the amount of subgrain x.orsazion, 

this is depicted in the BF/DF pair shown in fig. 7. This parti- 

cular example shows that there can be extensive subgrain forma- 

tion, here at ieast four subgrains exist. Grain size increases 

substantially when subgrains are considered. The reflecting 

grain in fig. 7 is roughly 4 pm in diameter. The overall boun- 
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t aary structre is wavy and forms a concave polygon. Careful 

examination of fig. 7 reveals that minima in boundary amplitude 

*For a discussion of ‘boundary amplitude,’ see appendix 1. 

occur at absolute triple points. Other elements of the struczure 

* 
---______--------------------------------------------------------- 
----_-___--------------------------------------------------------- 

near the free surface bi significance include the apparent 

absence of boride precipitates and the low dislocation density 

within individual subgrains. From these resulcs it can be seen 

that for a l l o y  70 boron is at least merastably soluble and its 

role in the development of the microstructure is limited to 

soluble segregation and interfacial energy modifications. 

Marked changes in the microstructure 05 the base alloy are 

observed when boron levels are increased. To begin, the generai 

structure of alloy 71 (CB = 0.12 X )  near the wheel side is 

considered. The microstructure, shown in fig. 8, displays boride 

precipitates dispersed along nearly all of the boundaries and 

only at boundaries. The apparent grain size is much smaller than 

in alloy 70, in this case only 0.5 pm. The borides are approxi- 

mately 100 - 200 A in diameter and spaced about 2000 A apart in 

the thin foil. Dark field microscopy, using matrix reiiections, 

reveals that there is limited subgrain formation. The BF/DF pair 

shown in fig. 9a gives an example of a grain with two or three 

subgrains. The boundary structure is rough and forms a concave 

polygon. Local minima in boundary amplitude occur at absolute 

boundary triple points. Another BF/DF pair from the wheel side 

of alloy 71 is shown in fig. 9b. No subgrain formation is 

sboervsd for. A . 8 .   ne - reiiecting grain in the figure. The grain 

boundaries are fairly straight and boride precipitates are 



observed only along the high-angle boundaries. A l s o  included in 

fig. 9 b  is a y' d a r k  field image formed using a (100) superlat- 

tlce reflection. The coherent eilipsoidal y' precipitates are 

roughly 100 A in diameter. Boride precipitation is the first 

notabie structural alteration caused by increases in boron level. 

The microstructure of alloy 71 is modified in several ways 

in the ribbon center. A typical scructure is shown in the BF/DF 

pair of fig. 10. The overall arain shape of the reflectinc; grain 

is irregular. To assist the reader, the boundary shape has been 

outlined in the figure. From the boundary outline, local radii 

of curvature as small as 0.2 pm can be measured. Local minima in 

boundary amplitude are again observed at absolute triple ?oinks. 

Boride precipitation is readily observed at both low- and high- 

angle boundaries. Local regions of high dislocstron density 

surround each low angle boundary precipitate. These accomodation 

or anticoherency dislocations are observed only at low-angle 

boundaries. Finally, the overall grain in question measures 

approximately 2 pm across, w i t h  each subgrain having ciaensions 

of approximately 1 pm. The borides are approximately 100 to 2C10 

A in diameter. 

Structural alterations near the free surface of alloy 71 are 

similar to those observed in the center. Two sets of 3F/DF pairs 

are presented in iig. 11 for microstructures near the free sur- 

face of alloy 71. These structures are characterized by exten- 

sive subgrain formation. In fig. lla, we see a grain "lighting 

up" in dark field with seven subgrains. The overall grain shape 

is concave and again minima in boundary amplitude are observed to 

occur at absolute triple p o i n t s .  The grain faces have sone wave 
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or curvature. Careful examination of the boundary structure 

reveals that the boride size is smaller at low-angle boundaries 

than at high-angie boundaries. In general, though, boride den- 

sity is greater at the low-angle boundaries. One additional 

observation should be made for this figure: the subgrain in the 

lower right of the figure is an example of cellular solidiiica- 

tion. This subgrain is contiguous with the adjacent subgrain by 

a path around the cell boundary. Another example 05 the struc- 

ture of alloy 71 near the free surface is given in the BF/DF pair 

of fig. 1lb. The same general comments apply to this figure. 

Here, eighr subgrains constitute the r5flecting grain. Ccmparing 

the microstructure of alloys 70 and 71 shows that boron enhances 

subgrain formation and the formation of irregular grain shapes. 

The effects of further boron modification can be seen in the 

structure of alloy 72. The structure near the wheel side is 

shown in the BF/DF pair of fig. 12s. In this example, two sepa- 

rate grains "light up" in dark field when using a (200) matrix 

reflection. Both refleczing grains consist 05 t w o  subgrains. 

The overall grain shape is concave. There are a few minima in 

boundary amplitude not associated with absolute tripie points. 

There a l s o  appear to be intragranular regions with high local 

boride aensity. It snould also be noted t h a t  t h e  grains w'nicn 

"light up" in dark field are only about 0.4 pm across. The 

boride precipitate size ranges from about 100 to 5130 A in diame- 

ter. The structure in any region of the ribbon (wheel side, 

center,  ai;= free aiiriacei is not necessarily homogeneous due to 

local variations in casting conditions. Another BF/DF pair from 
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the wheel siae of alloy 72 IS presented in fig. 123. In this 

case the structure is f u l l y  dendritic. A very unusual grain 

shape is observed for the grain "lighting up" in dark field. 

Subgrain or cell formation, however, is difficult to cistinguisfi 

due to the presence of boride precipitates. A compar~son of 

figures 12a and 12b verifies the lateral heterogeneity of the 

structure. 

The structure in the center of ailoy 72 becomes very dendri- 

tic as depicted in fig. 13. Dendritic solidification is inferred 

by local regions of hish intragranular boride precipitate density 

ana star-shaped precipitate free regions. Again individual. grain 

shapes are unusual as depicted in the BF/DF pair of f i g .  14a. In 

this figure, a star-shaped primary dendrite is surrounded by 

interdenaritic regions of high boride density. On the outer 

peripheries of the refiecting grain there are three circular 

precipitate free regions. These regions are also probably pri- 

mary dendrites which have not developed lateral shape perturba- 

tions. Another example of the grain srructure in the center of 

alloy 72 is shown in fig. 14b. In this case, the subgrain- 

cellular structure is more easily depicted than in fig. 14a. 

Again the overall grain shape is concave and there are local 

minima in boundary amplitude not associated with triple points. 

One intragrsnular region is ooserved to have h i g h  boride density. 

The grain size in t h e  center of alloy 72 ranges from about 0.5 to 

1.0 ym. 

The structure at the free surface of alloy 72 becomes fully 

dendritic as shown in fig. 15. From this general structure, it 

can be seen that there are primary. secondary, and p r o b a b l y  
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tertiary dendrite arms in the structure. Again, the interdendri- 

tic regions show a high density of boride precipitates. The 

grain shapes are highly irregular as depicted by the BF/DF pairs 

05 fig. i6. A structure in which the hi9.i-angle boundaries are 

almost completely decorated with borides is shown in fig. 16a. 

The reflecting grain is approxinateiy 1 pm e r r n ~ ~ ~  . A  p c r ~ i e n  

a much larger grain is shown in fig. 16b. The total arslin con- 

sists of at least eight subgrains. The mosc striking features of 

the reflecting grain are the two boundary regions with large 

inward curvature. In one case, the radius of curvature is 0.2 pn 

localiy. A large Sand of boride precipitates is o5szrved to rsn 

across the grain. The borides in the resion to tne left of the 

reflecting grain are also of interest. Careful inspection shows 

that tnese precipitates are eiiipsoidal with major axes running 

in one of two perpendicular directions. The borides measure 

approximately 300 - 500 A along their major axis and have a ratio 

of semiaxes of about two. 

4.3 Boundaries and Borides 

Our focus now turns to the structure of both low- and high- 

angle grain boundaries in these alloys. This in turn wili lead 

to results of structural studies on the boride precipitaces. 

Recalling the results of tne previous section, it was found 

that the microstructures of alloy 70 near tne wheel side and in 

tne center consisted of convex grains with straight boundaries 

and no boride precipitation. A closer examination of the boun- 

dary structure in the center of alloy 70, presented in fig. 17, 

shows straiaht, precipitate free hic;n-angle boundaries. A i l  
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results for boundaries of alloy 70 near the wheel side and in the 

ribbon center indicate clean and ‘quiet’ boundaries. 

The law- and high-angle boundaries of alloy 70 near the free 

surface are also straight and featureless. Some of the low-anyla 

boundaries, nevertheless, display a fine speckled structure as 

shown in fig. 18. This structure may simply be due to disloca- 

tion contrast or perhaps a very fine dispersion of boride parti- 

cles 50 to 100 A in diameter. This figure represents the 

‘noisiest’ boundary in any region of alloy 70. 

The boundary structure of alloy 71 becomes considerably more 

complex due to the presence of both low- and high-ansle boun- 

daries and a substantial number of borides. Examination of 

several sets of micrographs of both low-and high-angle boundaries 

indicares that tne nign-angle boundaries have larger precipitates 

than the low-angle boundaries, but the low-angle boundaries con- 

tain a higher density of precipitates. An example of the differ- 

ence between the two types of boundaries is shown in fig. 29 for 

an area in the ribbon center of aiioy 7;. The iow-angie ooundary 

boride precipitates are a l l .  seen to interact with dislocaticns. 

The high-angle boundary borides are ali drscrete, resolvcble and, 

other than the boundary itself, have no ~nreriacial dislocatzon 

structure. 

Near the free surface of alloy 71, the differences in low- 

and high-angie boundary s t r u c t u r e  are more easily resolved. Such 

is the case for the microstructure presented in fig. 20a. The 

boundaries marked ‘high-mgle’ are lined with borides approxi- 

mately 600 in diameter, whereas the low-angle boundaries d i s -  
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piay a nearly continuous szring of precipitates approximately 3CO 

8, in diameter. A detailed view of one of these low-angle boun- 

daries is shown in fig. 20b. Here the boundary has a rope-like 

appearance. Several factors may contribute to the contrast in 

this image; firs; there is the inherent dislocation arructure oi 

the iow-angle boundary, second, there is structure factor con- 

trast associated with the boride precipitates. Shortly we will 

see that the borides have an orientation relationship with t h e  

matrix. This l e a d s  to the possibility of an interfacial (antico- 

herency) dislcation structure and elastic strain fields (coher- 

ency dislocations>--both can contribute to image contrast. So it 

can quickly be seen that the boundary structure in the boride- 

precipitating alloys is often complex. 

Further increases in boron level, manifescec as alloy 7 2 ,  

lead to such high boride density that differentiation of low- 

angle boundaries becomes difficult. So instead attention is 

focused on the borides. Interdendritic borides from a region 

near the WAeel side 05 alloy 7 2  are srlown in fig. 21a. C l o s e  

examination of the borides reveals apparent moire fringe con- 

trast, though this cannot be simply distinguished fron an inter- 

facial dislocation structure. For these interdendritic regions, 

t n e  borides are approximareiy 150 - 350 A in diameter with spac- 

ings on the order of their size. Another example of regions w i t h  

high boride density is shown in fig. Zlb, this time in tne center 

of alloy 72. Again interdendritic regions with high boride 

density are observed. Of greater interest, though, i s  the cpper 

boundary in the center of fig. 21b. Here the boride precipitates 

seem to fan o u t  from the boundary. This su93esrs  heterogeneous 



7 nucleation of the precipitates at the grain boundary. The exact 

nature of the nucleation site for any of the borides has yet to 

be determined though. 

4.4 Borides 

To begin, it must be stated that virtually all of the 

research herein on the borides is supplementary to work performed 

by other investigators (20). 

The initial study on this system yielded information on 

boride crystal structure, chemistry, and orientation relationship 

with the surrounding matrix. These results are summarized in the 

literature survey. The interested reader is referred to that 

chapter for details. 

A l l  work by other investigators on boride crystallography 

and orientation relationships are consistent with the results of 

this study (schematic diffraction patterns are shown in fig. 22). 

One additional orientation relationship between the mutrix 

and the borides was observed infrequently: 

5.2 A spacing parallel to (001) in the austenite macrix. A 5.2 

interplanar spacing does not correspond to that of any common 

boride. 

4.5 Scanning Transmission Electron Microscopy 

Two analytical methods have been applied to these alloy 

systems. Electron energy loss spectroscopy w a s  used to verify 
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the presence of boron in the boundary precipitsres. Enercy 

dispersive x-ray analysis was used to determine general trends in 

compositional heterogeneity. A commercially available software 

?rogram was used f o r  background subtraction of all x - r a y  specrra .  

No quantitative analysis was perforned due to the number of 

elements in these alloys. The following results reflec”, t r e n d s .  

in ratios of individual element counts to total counts, after 

sackground subtraction, for a siven region. 

Alloy 70 - Slight (10 - 20%) enrichment of moiybcenum 
and chromiun to both low- and high-angle 
boundaries. 

Alloy 7 1  - Slight ( 5  - 10%) depletion of molybdenum anc 
chromium at grain boundaries. 

- Chromium- and molybdenun-rich borides 

- No significant variation in concontraz2on 0 5  
a1loy;ng eienenta as a f c : n c ~ i , u n  ai locsz:cn 
in the ribbon thickness. 
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-- 5. Discussion ---------- 
In this section, an effort will be pur forrh to understand 

all of the structural features presented thus far. 

5.1 ‘Macroscopic’ Features 

The zhrough thickness structural features for this alloy a r s  

analogous to macroscopic f e a t u r e s  in a iarge scale casting. For 

the large scale casting, a chill zone, columnar zone, and eaui- 

axed zone are often observed. This, too, is the case with many 

ribbon castings. The featureless or equiaxed zone adjacent to 

the wheel side is essentially a chill zone. The analogy between 

columnar zones is completely coincident. Tns dendritic structure 

observed in the melt-spun ribbons can be considered as. an 

extendea perturbation of the columnar structure. The absence of 

a free surface equiaxec zone in the ribbons can be attribuzed to 

the finite dimensions of the castings. At least for the ribbons 

used for this study, there appears to be no scaling l a w  for 

casting structure. 

Structural f e a t u r e s  in a l l  castizos ctn be varied b y  alter- 

in9 alloy composition. Structural modifications were achieved in 

alloys 70 through 72 by varying the boron level. Reexamination 

o f  figures :, 2. and 3 shows that increasing the boron level in 

these alloys enhances dsndrite formatior, and causes structural 

refinement. Boron in these materials resicies either in substitu- 

tional or intsrsfitial site.5 and tends to Se a strong boundary 

segregant. During solidification, the boron is most likely 

rejected from the freezing solid. The boron-rich liquid leads to 

echanced constitutional supercooling and thus provides a more 



favorable environment for dendritic freezing. With this simpie 

line of reasoning, the ‘macrostructure’ of alloys 70, 71, and 72 

can be understood. The structural refinement observed in these 

alloys may be attributed t~ a refined dendritic structure. as 

seen in alloy 72, and ‘c5e possibility of soiid state grain boun- 

dary pinning by boride precigitates. Boundary pinning will be 

consiaerec in detail shortly. 

Another interesting ‘macrostructural’ feature is the 

observed t i i t  of the cofumnar/denaritic structure into the cast- 

ing direction. This result is counterintuitive because growth is 

anticipated normal to isotherms. Growth normal to isotherms 

leads to tilting of tke columnar dendritic scructure away from 

the casting cireczion. There are more subtie aspects of the 

ireezina process which, when considered, account for the cbservec 

C ’  

Consider for a moment the fluid flow aspects of melt-spin- 

ning. A stream of liquid metal falls from 3 crucible onto a cola 

spinning substrate, schena=icslly showr. in iic. 2 3 .  A pool foras 

on the wheel. Downstrean from the pool ,  solid begins to form es 

a thin strip. For a finite distance there is a layer cf liquid 

above the solid. The solid and adjacent liquid have parallel 

velocity vectors. The speed of tho solid is greater, nowever, 

due to viscous drag of the liquid. Hence, t h e  solid effectively 

experiences liquid flow opposite to the casting direction. The 

net flow sweeps both the heat of fusion and solute to the trail- 

ing edge of a protrusion at the liquid-solid interface (10, 11, 

12). This leads to dendrites or columnar grains at the liquid- 

solid interface which are cooler and purer in the czsting airec- 



tion and hence growth is favored in this direction. Tilting of 

the grain structure into the casting direction is a common fea- 

ture for many melt-spun ribbons. 

5.2 Microstructursal Features 

The nicrostructure of a nickel-base superalloy is conplex 

and a sinpie understanding is often not as hand. In this sec- 

tion, trends in t h e  microsrructursl evolution of alloys 70, 71, 

and 72 will be discussed. Specific microstructural features will 

be discussed in the following two sections. And in the fifth 

section, a model for lakers!. solidificarion associstec features 

will be presented. 

The microstructure of alloy 70 represents the simplesrr 

szructure in this series of alloys. TAe boundaries a r e  scraight 

and precipitate free. Very little subgrain formation is observed 

near the wheel side or in the ribbon center. It is only near the 

free suriace that subgrain formation is observed. It is plau- 

sible that near the free sariace tne cooling rate is sufizciently 

low, as calcuiations indicate ( 3 0 ) ,  to allow for weak lateral 

solute segregation and development of a cellular structure. In 

essence, the forination of a subgrain structure near the free 

surface can only be rationally explained b y  a ceiiular soliirfl- 

cation model. Ir is doubtful that the observed subgrain struc- 

ture resulted from fast alignment of transformation dislocations 

during cooiing, particuiarly since many of the ‘solidification’ 

dislocations are produced as 8 result of thermal stresses in the 

solid state. Needless to s a y ,  though, the mechanistics of sub- 

grain formation in alloy 70 w i l l  not be determined by ‘back of 
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the envelope’ arguments. 

The increased complexity of the microstructures of alloys 71 

and 72 can be directly attributed to incrpased boron levels in 

these a l l o y s .  Recalling the results presented in the previons 

chapter. it was mown thac there was little suagrain ceveiopmenr 

near the w h e e l  s i d e  of alloys 71 nnd 7 2 ,  but  t he  zicr=structcres 

became either very cellular or dendritic in the center and near 

the free surface of the ribbon. Calculations perforaed by 

Gutierrez (30) have shown that the cooling rate near the free 

surface f o r  these alloys is a factor of twenty lower than the 

cooling race near the wheel side. 

The following solidification scenario is pro?osed which 

takes into account both cooling data and structural results 

presented herein. The initiai zone of solid forns very q u i c k l y  

with a random orientation, this is also the case with a large- 

scale casting. Thermal and compositional gr.adients are immedi- 

scely established in the liquid. Grains with optimai orienta- 

tion. primarily t h o s e  with <LOO> tilred about 10” - 20’ i n c o  the 

casting direction, begin =o outgrow grains with unfsvorabie 

orisntations. Interfacial instability occurs and either cellular 

or dendritic solidification follows. It must be remembered that 

several cells or primary dendrite arns can form from a s i n g l e  

grain. T h e  resulting calls or dendrites also grow competitively 

which further refines the g r o w t h  texture of the riSScn. This 

solidification model, though generic in nature, is consistent 

with the observed microstructure. 
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5.3 Boundary Precipitation 

Low- and high-angle boundaries present structural differ- 

ences which can effect the nature of heterogeneous nucleation 

occurring on these defects. A generic high-angle boundary hss 

high interfacial energy and a very tigntiy spaced array of disio- 

cations. On the contrary. a low-angle boundary (either tilt or 

twist) has low interfacial energy and a loosely spaced array of 

dislocations. The results of this study snow that the boride 

precipitate density at low-angle boundaries is much greater than 

at high-angle boundaries. However, the low-angle boundary preci- 

pitates are generally about half the size of the hiah-angle 

boundary borides. This observation leads one to consider thaz 

heterogeneous nucleation of the borides at the high-angle boun- 

daries occurs with a smaller activation barrier Zhan st low-angle 

boundaries. The high-angle boundary borides are larger because 

precipitation has occurred at an earlier time in the solid than 

at low-angle boundaries. The high-angle boundary borides coarsen 

while the low-angle boundary borides a r e  just beginnning to 

nucleate and grow. Ostwslc ripening 05 the low-angie bouncary 

precipitates is nindered by iow temperatures OS the ribbon. This 

precipitation scenario is consistent with the observed struc- 

t u r e s ,  provided that the assumption 02 solid s t a t e  nucleation is 

accepted. Solid state nucleation arguments are presented in the 

next section. 

The e x a c t  nature of the nucieation site for boride precipi- 

tation in these alloys remains unknown. Two approaches can be 

taken to rationalize differences in precipitate nucleation at 

high- and low-angle boundsriss. Classically, the high-nnqle 
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boundary energy is much greater than low-angle boundary energy. 

Following the formulation of Cahn (311, the grain boundary preci- 

pitate is considered to consist of two truncated spheres as shown 

in fig. 2Oa. The interiaciel dihedral angie rhecs is dezirninea - 
U 

* _  aaa ;,on the reiationsnip cos 8 = CLCl , wnere 
2 r  a$ 

is the grain boundary energy and 0 is the boride-matrix in:sr- 

phase boundary energy. Tne heterogeneous nucleation race on 

boundaries m a y  be written as = c ex? C-AC, /kT3 (321 ,  where 

V I B  is the heterogeneous nucieation rate, c a constanx, 

aB 

B 

L!GE 

is the activation barrier for boundary nucleation, X and T have 

tneir usual meaning. In fig. 24D a plot of norma;izea accivaticii 

energy as a funczion of cos8 is given. Quickly orie sees chat 

the larger  cos 8 , indicating larger grsrn boundary energies, the 

lower the activacion energy, and hence higher nucleation rates. 

This is entirely in agreement with the results of the current 

study; nucleation rates are much greater on the high angle boun- 

daries because of the high inzerfacial energy. A second sppronch 

to the nucleation ever,t would involve a discrete defect model for 

such events. Since the exacr, nature of the boride-matrix inter- 

face is unknown, this topic will not be pursued. 

5 . 4  Borides 

A known and fixed orienration relarionsnip between second 

phase particles and the surrounding rnscri:.: is indicstlvc ~i a2 

least liquid-solid interfacial precipitation and more likely 

solid state precipitation. If the second phase particles dis- 

cretely line all boundaries in a system and there are no intra- 



granular precipitates. then precipitation involving the liquid 

state is limited to the final instant in which two liquid-solid 

interfaces meet laterally. This occurs over a very short time 

and hence is an improbable event kineticaily. 

The microstructures of alloys 71 and 72 show regions where 

only solid state boride precipitation is plausible and other 

regions where liquid-solid'interfacial precipitation is possible. 

For alioy 71, boride precipitation was observed primarily at 

boundaries, although there are interdendritic regions near the 

free surface with high boride density. Extensive boundary preci- 

pitation of borides also occurred in alloy 72, but several 

regions of interdendritic precipitation were observed. From the 

parallelism 05 moire fringe contrast, strength of the boride 

reflections in electron difiraction patrerns, end t h e  fact taat 

several borides for a given grain "light up" in d a r k  field when 8 

boride reflection is used, it can be safely assumed that all 

borides have an orientation relationship with the matrix. This 

indicates that grain boundary boride precipitation occurs in the 

solid state. However, the possibility of liquid-solid i n t e r -  

facial nucleation for interdenaritic precipitates cannot be 

excluded. A careful microstructural investigatlon 05 t h e  inter- 

dendritic regions may shed light on the nature of rhe nucleation 

event. 

5.5 Model for Lateral Microstructural Features 

Concave polygons and concave grain shapes present local 

excesses in boundary length for a contained area. This can be 

extended to three dimensions: concave polyhedrons present local 



excesses in surface area for a contained volume. The l ~ c a l  

excess area can be reduced by curvature driven boundary migrszion 

to straighten out curved or concave rdcions of boundary. The 

effective equator of such particles. This sim?le process amounts 

to what is commonly known as grain boundary pinning and is 

ailoy systems. T h e  role of bouncarjr pinning b y  z~crice crecia;- 

races and tile effecz on gra;n shapes are c o n s i d e r e c  in this 

secc1on. 

Recalling the microstructures near the center and free surface 

of alloys 71 and 72, it was shown t h a t  overali grzin shapes were 

concave and there were boundary regions w i t h  radii 05 Cllr'J*3t'ir2 

less than 0 . 2  pm. The grain shapes nesr tae i r a s  sarizce ci 

alioy 73 were a l s o  coricaire. The grain faces of allay 70 were 

snown to be szrsight. Grain saapes, for zhe most psrt, Rear -,he 

wheel side and I n  Zhe ribbon center a r c  cGnvex ior .z110;' ?c.  , . . & I -  w - - . .  

. .  s c r 3 i g h x  b o u n c a r - c s .  This is how t h e  aoun-',arirs 05 si -cy 70 

shall be considered for tne foi1owlr.g model. 

V a s t  amouncs of research h a v e  Deen devozcc, zo c~nsi~ier3;ion 

oi the structure of a moving liquia-solid interiace. Research 05 

this nature yields valuable information on the resulting micro- 

structure, that is, whether it will be homogeneous, cellular or 
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dendritic. Less research has bean devotac to how :azsrj: i n t a r -  

faces meet, what that lateral solid shape is prior to inpinge- 

ment, and what happens to newly formed grain boundaries durinc 

cooling. To this author's knowiecge, in i a c ? ,  no such scud:/ has 

Seen carried out. When the qrain shapes and boundary szructureo 

of zlioys 71 and 72 are examinee, one wonders why ssch irregular- 

ities exist. CoGpling experimental results and thouchz e:c?eri- 

ments, a model c3n be f o r n u l a t e a  to describe the observec struc- 

tural features. 

To begin, consider the case where there are shape perturba- 

tions at the liquid-solid interface in the form ci either csllc- 

Inr nodes or dendrites. Now as a thoucir: sx?erimest, csrisider 

the lateral structure of such shape perzurbatlons, there a r e  no 

symmetry limitations cn t;sis shape. That is, w a - ~ y  or irresuL.3r 

cells and dendrices are permissible. Nothing dictates that Soun-  

daries have to be straight when irregularly shaped interfncinl 

perturbations, or different grains, meet iateraliy. Even if t h e  

shape perturbations are circuiariy symnetric, two zcj.3cer.t 5rairi.s 

may di'ier slightly in size. The lilrc;e node represents a iowcr 

chemical potentia?. for  t h e  transyormation and her,ce a h i g h e r  

growrh r a t e .  Tne large node essentially grows parz wny around 

the smaller adlacent cell, this is illustrated ~n f i g .  -J. A ~ ~ e  

resuiting grain boundary c u r v e s  arouna tne location of t a e  

smaller cell. Consider t w o  additronal situations; is there  ever 

a case for non-plane front growtn thsz strslght grain bouncnrles 

form as a result of lateral impingement of cells? The more 

extreme case of 05 dendritic freezlng is easier to visualize. in 

t h i s  case. dendrites of d i f f e r e n t  orientstlon i n = e r a ; x  lending to 

-.c - 

- 

37 



rough boundary shapes. Several other scenarios couid be d e ~ i s e d  

to rationalize curved boundaries and irregular grain shapes, but 

the principle point is that such events are physically pLausib~e. 
4.. 0 ,  

Once in t h e  suiia stste, d curved boundary czr: either 

migraze (strai2htening) or De Finned. Tifining can be acccm- 

plishec by either discrete second phase parcicies or by rasid 

quenching (herein callea kinetic pinning). With this in haEd. it 

is proposed thar t h e  grain boundaries in alloy 70 were intialiy 

very wavy but quickly straightened during coolins. The bcur.- 

daries or' alloys 71 and 72 were also curved Just aiter solidifi- 

caricn but maintained their irregular shapes d u r ~ n g  cooling. -+  _ _  
is not anticipated that cooiing rates vary significantly beEveen 

any of these allpys, so it must be concluded that th2 boundary 

struczures of a l i o y s  7 l  nnc 72 are stabilized by t h e  Fresencs cf 

discrete second phase particles--namely boride precipitaces. A 

crucial feature of this mocel is that boride precipitation occurs 

quickly ar,d in the solid state. Hence, u s i n q  sound srcunc i? t s ,  a 

straightforward modci for i a t a r a i  microstrucrural f e s z u r c s ,  whic:i 

is physically consistenr. with observed microstrxctares. has Seen 

presented. T h e  model is schematically shown ir! fig. 259. 

5 . 6  Chemical Analysis by STEM 

Quantitative anaiytical elacTron microscopy 1s liaitec LO 

- sinpie sysrems sucn as binaries and ternaries. r o r  more Iiber- 

ally alloyed systems, such as complex heat-res:sLsnz alloys, 

compensation f o r  x-ray fluorescence and absorption becomes too 

complicated to treat quantitatively. Therefore only qualitative 

results were reported. 
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The results are consistent with the observed microstructure. 

A slight degree of molybdenum ana chromium segregation to boun- 

daries was observed for the reference allcy. ir. the boride- 

precipitating allcy 71, a slisht depistlot? 05 n o : y ~ c e r ~ ~ x  and 

chronium at che c;rain Scur.caries is consiscent with t h e  fact t ~ a c  

tne borides are chromium and molybaanun rLcn. T h i s  1s complete;? 

analogous to sensitization ai stainless sceels. 

1 . .  

The fact thar there is no varzation in concentrazion of 

substituzional alloying elements through a ribbon thickness does 

not preciude the possibility 05 ‘macrosegregation’ of boron. 

Gnior-unately, boron is undetectable a= Lhese lzw sclic sol;lzisr. 

concentrations by means of analytical electron microscopy. F e c i -  

surement of boride density as a funcklon of location in a ribbon 

may show Irenus cowarc macrosegregaricn. This 1s ccnvoLlJt3c, 

however, by the possibility of solute trapping near the wheel 

side. 
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6 ,  SurnrnqEY SQd_ cenc_lu_sion_ 

1. The 'macrostructure' of the melt-spun ribbons generaily 

displayed three characzer1sz:c reciocs: a sine c h i l l  =3ne nesz 

cne wnesi side, colunnar grains in the riaDon cenxer. z r? ,~  

dencr;cic grains near th2 frse silriace. These :ea=ur?s were 

shown to be analogous to those ip. iarye scale cssCin5s. 

2. The observed tilt of the columnar cendrizic s:ruc:ure ix :=o  

the casting direction is consistenz wit2 flow consiberacions. 

That is, growth is always promoced opposite to net aaJacenz 

fiuid flow. 

3. A l l o y  70, the low boron alloy, t i i s p l a y e d  fio c s t i i n i t e  kcride 

precipiration. kquia:.ced grains were oDservec near t h e  whesl 

sice anc in t h e  ribzion center. Subgrain f o r m a t i o n  WEIS . . '  

observed near the ribbon free surface--indicazing the probabii- 

ity of cellular solidification n e a r  the cop of t h e  ribbons. 

- 
.- 

I -  

4. A l l ~ y s  71 ana 72 cispLayea d s;iL.=nt degree ci suDgrsrn 

formac,:on near t h e  wheel s i d e .  The s c r u c t u r e - 5  Secane cendri- 

tic near 5ne riDDon iree surface. E x z r n a i v e  ~ o u n c z r y  b o r i u e  

precipizstion was observed at ali locations ~ r ,  t h e  r:33on:3. 

Furtner, in cer.aricic regions. ioc3, &re35 W L I - - . I  e : : c -zp r iona l ;y  

a i g n  Dorlde dansity were observec. 

5 .  B o r i d e  preuLpitation a+ grsin ~ o u n b s r i e n  ~ ~ c c u r s  h e t e r o ~ z e n -  

eously and with a lower acrivation barrier at h i g h - a n g l e  boun- 



one soiid interface because  of the oaserved precipitatz-marrix 

orientation reiationsnip. 

iariy saaped. The boundary  c 3 ~ ;  ELZf ie r  migraze or be Finned. 

-3- ;ne hiyn-angle boundaries 05 aiioy 70 are s u s p e c z e c  ~ r ,  have 

straightened durins cooling, whereas t h e  hlgh-sncie Sou~csries 

of alioys 71 and 72 were pinned by boric’,e preciFitates. 

41 



2- Qigqct_&g~s for_ Egt_u_re Research 

F e w  scienLiiic investigations, if any, are self-enclosing. 

This study is surely no exception. So the following sug5estions 

ior future work are made. 

- A cursory s = ~ : d y  of the mechanical and ghysicsl s r o ~ e r z i s ? -  

of alloys 70, 71, ana 7 2  is suggested to provide iniorma=ion on 

the potential service utility of these alloys. 

- Aging studies are proposed to provide infornation o n  

microstruccural response to thermal treatments. In this manner, 

upper temperature limits may be established for microstruccural 

resiscance to coarsening. 

- 'Macrosegregation' 05 boron may occur in these alloys. 

Conventional analytic techniques such as STEM, SE?!, electron 

microprobe are all undersirajle for this probiem either Secauss 

of low sensitivity or poor spatia!. resolution. 
'1 

One possible technique for detecting boron, however, is 

secondary ion mass spectroscopy (SIMS). W i t h  SIES i3. Sine probe 

surface. The priinary ions c ~ l l i d e  w i ~ h  t h e  spclmen, l esc l l ng  2 3  

*. ion frscrnents being einikterl from the specimen surface. ,ness 

secondary i o n s  a r e  runed through a mass spectrometer =o 9 cecec- 

fine as 400 A in diameter can be formed. Furthornore. elsrn2nzs 

of all Z can be detected. 

Since we are concerned with boron macrosegregation, it is of 

little importance whether boron is in solid solution or tied up 
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I .  
I -  

ribbon, mount and polish it edge on, and then run perhaps ren 

sets of SIMS counts at approximately six to ten different levels 

05 the ribbon thickness. A probe diameter of 1 to 2 J J ~  would be 

ideal f o r  ic woulc sarnple averaged struczure. E counts coulc be 

rstLoed to total counts. In this manner, the through ZhLcXness 

variation of boron level could be determined. 

+ 

- A parallel study is proposed for a simpler alloy system, 

but one which is alloyed with an interstztial element which tends 

to segregate to boundaries, and a second alloying elemenc which 

ties up with the interstitial (such a system might be Ni-Ti-B, 

Ni-? lo-C,  . . . ) .  T3e goa l  of such a Siudy woulc be in d o t e r -  

mining velocity-driving force expressions f o r  grain boundary 

motion. Uslng such an expression, calculations of extent of 

grain boundary motion durinc poss-solidification quencning C O U ~ O  

be performed. The calculated grain boundary mobility could be 

compared with boundary shapes observed in a series of rapidly 

solidified alloys. ?lore exotic e : :?er inen=s  such as qusnching 

onto a hot sabstrate coulc a i s o  be perioraed to Sitex- =he posc- 

sciidificstion coolir,g raze. 

I -  
i 
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Define t h e  reference grain as the c o n v e x  shape 
absolute triple points as r e i e r e n c e  p c i n t s .  F r  
effec~ive center 05 m a s s .  C? l .  

. r e a l  s h a p e  

a l i z e d  
s h a p e  

C o n v e x ,  GT ~Gealized, grain shape i r o n e c  f rom a ~ s o i u c e  trisle 
points. 

r e a l  
r 
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F i g u r e  1 - -  L o n g i t u d i n a l  ‘ m a c r o s t r u c t u r e ’  of a l l o y  70. The wheel 
s i d e  is a t  t h e  bottom of t h e  f i g u r e :  free s u r f a c e  a t  t h e  t o p .  
Casting d i r e c t i o n  w a s  from left t o  r i g h t  (from ref .  29). 
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Figure 2 - -  Longitudinal ‘macrostructure’ of alloy 71. T h e  
sample g e o m e t r y  is the same as fig. 1 (from r e i .  29) .  
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ORIGINAL PAGE IS 
OF POOR QUALITY 

F i g u r e  3 - -  L o n g i t u d i n a l  ‘ m a c r o s t r u c t u r e ’  of alloy 72.  T h e  
s a m p l e  g e o m e t r y  is t h e  same as f i g .  1 ( f r o m  r e f .  2 9 ) .  
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1.0pm 

Flgure 4 - -  Gverail mlcroscructur? near the wheei side <US: oI 
ailoy 7 0 .  
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ORIGINAL PAGE IS 
W POOR QUALW 

Dark Field 

Figure 5 - -  Bright field/dark field (EF/DF) pair from a region 
near t h e  ribbon wheel side of alloy 7 0 .  A ( 2 2 0 )  matrix 
refiecxion was xsec zo fcrn t he  9 C  image. 
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Dark F i e i d  

Fiqure 6 - -  BF/DF pair for a region in the ribbon center ( C )  of 
alloy 7 0 .  A ( 2 2 0 )  m a t r i x  reflection w a s  usee tu form t h e  DF 
2mage.  
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ORIGINAL PAGE W 
OF POOR QUALITY 

Bright Field 1.0pm 

D a r k  Field 

Figure 7 - -  BF/DF pair for a r e g i o n  near the ribbon free surface 
( F S )  of alloy 70 .  A ( 2 C O )  matrix reflection was used to f o r n  t h e  
D F  Image. 
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0.25pm 

F i g u r e  3 -- Overall s t r u c t u r e  n e a r  the wheei side of alloy 71. 
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ORIGINAL PAGE IS 
OF POOR. Q U W  

B r i g h t  Fieid OSpm 

Dark Field 

alloy Figure 9a -- BF/DF pair for a region near the ribbon WS of 
71. A (220) matrix reflection was used to form the 3F image. 
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- -4 

3righz Fieic 0.2 pm 

Dark F i e l d  

Figure 9 b  - -  BF/DF set for a region near the ribbon US of alloy 
7i. A ( 2 0 0 )  m a t r i x  reflection was used to form the matrix dark 
field imaqe .  A (100)  y' reilection w a s  used to form t h e  
~u?erlazrise darx = i e ~ r ,  i n a 3 e .  - . .  
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ORIGINAL PAGE lS 
OF POOR QUALm 

0.2 pm 

Su2erlattice Dark Field 

Figure 9 b  continued. 
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Bright Field 0.5pm 

Dark Field 

Figure 10 - -  BF/DF pair from a region in ribbon C of alloy 71. A 
( 2 2 0 )  m a t r i x  reflection was used to form the dark field image. A 

9aqt'. 
si<(=- L L ~  c of t h e  refiectino grain shape is given on the foilowins 
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Figure 10 continued. 
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ORIGINAL PAGE rlS 
OF POOR QUALITY 

Bright Field O.5pm 

Dark F i e i d  

Figure lla 
A 

- -  BF/DF pair for a region near ribbon FS of alloy 71. 
(220) matrix reflection w a s  used to iorn the dark fieid imzge. 
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ORIGINAL PAGE IS 
.OF POOR QUALm 

1.Opm Bright Field 

D a r k  Field 
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Elrighz Field 0.2 pm 

Dark Field 
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ORIGINAL PAGE PS 
OF: POOR QUALlTll 

0.5 p m 
B r i g h t  Fie16 

D a r k  Field 

Figure 125 - -  BF/!II; pair from a reglon near the ribbon WS of 
alloy 7 2 .  A ( 2 3 G )  matrrx reilectlan w a s  used to form the DF 
2.72CS. 
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1.0pm 
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ORIGINAL PAGE IS 
OF POOR QUALlrV 

Bright Field 
0.5 p m 

Dark F i e l d  

Figure 14a - -  BF/DF pair from ribbon C of alioy 72. 
matrix reflectlor, was used to form the oar!< f i e l ~  linage. 

A ( 2 0 0 )  
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0.2 pm Brrght Field 

Dark Field 

Figure 1 4 b  - -  EF/DF pair from ribbon C of alloy 72. A ( 2 0 0 )  
matrix refleczion w a s  used for xhe dark field i m a g e .  
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ORIGINAL PAGE IS 
OF POOR WALm 

0.5 p m 

7 .  -- - :igure 15 - -  O v e r a l i  s t ruc ture  n e a r  ribbon P L  o z  alloy 7 2 .  

I .  
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Bright F i e l d  0.5~ m 

Dark Field 

Figure 16a - -  BF/DF pair &rom ribbon FS of alloy 7 2 .  A ( 2 2 0 )  
matrix reflection was =sed t=, form t h e  dark field imaqe. 
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0.5 p m Brzght Fieia 

Dark F i e l d  

Flgure 16b - -  BF/DF pair f rom ribbon FS of alloy 72. A ( 2 2 0 )  
matrix reflection was used to fora the dark field inage. 
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0.2 pm 

Figure i7 - -  ,Yig;l-ang:s grain boundaries in ribber, C 05 a l - 1 ~ ~  712. 
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0.2 pm 

T i g u r e  1s - -  Low-angle grain bouncary near FS of aliojr  7 0 .  
Pcssible precipizazion ac the boundary shouic be noted. 
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ORIGINAL PAGE -1s 
.w POOR guALrw 

0.5 pm 

Fisure 2Ca - -  Low- and high-angle grain boundary precipiratlon 
near t h e  ribbon FS of alloy 71. 
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0.2pm 

Figure 205 - -  Low-angle boundary structure near the ribbon FS c r f  
a l l o y  71. 
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ORIGINAL PAGE 16 

a. 0.1 p m 

b. 

Figure 21 - -  Microstructure of alioy 72 snowing local regions of 
h i a h  boride density; a. near ribbon WS. b. near ribbon 
center. 
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4 

Fiqurz 22 - -  Scnenaz ic  electron diffraction patzerns a e p l c t l n ~  
matrix-boride oriencstion reiationsnip. 
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c r u c i b l e  

I i q u  i d  

w h e e l  

u 

F i g u r e  23 - -  Schemazic diagram of t h e  pianar-fiow melt-spinnlng 
process. 
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a 

a. 

c o s  e 

b. 

Figure 24 - -  a. Geometry of idealized grain boundary precipi- 
L a t e .  b. i n e  eiiecr of the cosine of the wezting angle, , on 
the normalized activation energy for nucleation on defects. 
( A $  is t h e  critical homogeneous nucleation a c t i v z t i o n  eneruy. 
“ran res. 2 2 .  p .  454). 

.... 
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s o l i d  

1 

3 

5 

2 

4 

c u r v e d  s o l i d  s t a t e  

b o u n d a r y  

Figure 25a - -  Sketch 05 competitive lateral grow.r;h or’ p e r t u r b a -  
tions at the liquid-solid interface leading to a curved grain 
boundary. The ‘plane’ of the liquid-solid interface is parallel 
to the plane of the figure. 
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ALLOY 7 0  

T '  

D 

B O U  N DAR Y 

S T R A I G H T E N  I N G  

A L L O Y S  7 1 , 7 2  

PR E C l P l T A T  I O N  

B O U N D A R Y  

P I N N I N G  

A S - C A S T  M I C R O S T R U C T U R E  v 
Figure 25U - -  SchemaLic aiagram of proposei:  solidiilsation 
s e q u e n c e .  
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